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ABSTRACT
This work is a continuation of two previous papers of a series, in which we examined
the pulse-width statistics of normal radio pulsars. In the first paper we compiled the
largest ever database of pulsars with interpulses in their mean profiles. In the second
one we confirmed the existence of the lower boundary in the scatter plot of core
component pulse-widths versus pulsar period W50 ∼ 2.5
◦P−0.5, first discovered by
Rankin using much smaller number of interpulse cases. In this paper we show that
the same lower boundary also exists for conal profile components. Rankin proposed
a very simple method of estimation of pulsar inclination angle based on comparing
the width W50 of its core component with the period dependent value of the lower
boundary. We claim that this method can be extended to conal components as well.
To explain an existence of the lower boundary Rankin proposed that the core emission
originates at or near the polar cap surface. We demonstrated clearly that no coherent
pulsar radio emission can originate at altitudes lower than 10 stellar radii, irrespective
of the actual mechanism of coherence. We argue that the lower boundary reflects the
narrowest angular structures that can be distinguished in the average pulsar beam.
These structures represent the core and the conal components in mean pulsar profiles.
The P−0.5 dependence follows from the dipolar nature of magnetic field lines in the
radio emission region, while the numerical factor of about 2.5◦ reflects the curvature
radius of a non-dipolar surface magnetic field in the partially screened gap above
the polar cap, where dense electron-positron plasma is created. Both core and conal
emission should originate at altitudes of about 50 stellar radii in a typical pulsar, with
a possibility that the core beam is emitted at a slightly lower heights than the conal
ones.
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1 INTRODUCTION
In recent years there were performed a number of major
campaigns to search pulsars. The most important surveys
that found the largest numbers of new pulsars were Parkes
Multibeam Pulsar Surveys (Manchester et al. (2001);
Morris et al. (2002); Kramer et al. (2003); Hobbs et al.
(2004); Faulkner et al. (2004); Lorimer et al. (2006); PMPS
I – VI hereafter). The important basic parameters of
these new pulsars are easily available either from the
discovery papers or from the ATNF Pulsar Catalogue1
(Manchester et al. 2005). Maciesiak, Gil & Ribeiro (2011;
hereafter Paper I) and Maciesiak & Gil (2011; here-
after Paper II) explored different aspects of the pulse-
∗ E-mail:jezyk@astro.ia.uz.zgora.pl
1 http://www.atnf.csiro.au/research/pulsar/psrcat/
width statistics in normal (non-millisecond and other non-
recycled) pulsars. The most important result of Paper I was
the compilation of the largest ever database of 44 pulsars
with interpulse emission, including 31 double-pole (DP-IP)
and 13 single-pole (SP-IP) interpulsars, respectively. These
pulsars when analysed on the P − P˙ diagram revealed a
clear evolutionary tendency. Namely, SP-IP cases were on
average about 3 times older than DP-IP cases. In addi-
tion, SP-IP cases were also representing on average about
3 times weaker magnetic fields than DP-IP cases. This is
illustrated in Figure 1, which reproduces the P − P˙ diagram
from Paper I with the important addition of radio magnetar
XTE J1810-197. This object shows many typical properties
of radio pulsars, including the emission of DP-IP. It is rea-
sonable to assume that DP-IP and SP-IP cases represent
almost orthogonal and almost aligned rotators, respectively.
Based on this assumption it was concluded in Paper I that
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Figure 1. Diagram P − P˙ for normal radio pulsars, including
45 cases with interpulse emission. Black dots represent 1450 nor-
mal pulsars, while red and green circles correspond to 32 double-
pole (DP-IP) and 13 single-pole (SP-IP) interpulsars, respectively.
Lines of constant magnetic field and constant characteristic age
are shown. Notice the special case marked by red star represent-
ing the radio emitting magnetar XTE J1810-197, which shows
narrow DP-IP feature (see also its location in Figure 2). Notice
that DP-IP (almost orthogonal) and SP-IP (almost aligned) cases
are clearly separated (see also) Figure 2.
the apparent separation of DP-IP and SP-IP cases on the
P − P˙ diagram revealed a secular alignment of the mag-
netic axis towards the spin axis with a random initial value
of the inclination angle. The radio emitting magnetar XTE
J1810-197 fits perfectly to this scheme.
Paper I emphasized importance of the interpulses in the
pulse-width statistics, while in Paper II importance of the
core profile components was demonstrated. In particular,
the relationshipW50 = 2.45
◦P−0.5 for 50 per cent maximum
intensity pulse-widths of core profile components found by
Rankin (1990; R90 hereafter) in 6 interpulsars was confirmed
using 21 pulsars with double-pole interpulses for which mea-
surement of the core component width was possible. R90
claimed that this relationship represents the Lower Bound-
ary Line (LBL hereafter) in the scatter plot ofW50 versus P ,
and we confirmed this in Paper II (see red marked symbols
in Figure 2).
In this paper we argue that the LBL relies upon pulse-
widths of both core and conal components of pulsar profiles.
However, one should realize that the lower boundary is not
as sharp as the formal fitting to the red marked interpulse
data points in Figure 2 suggests. It can be expressed approx-
imately in the formW50 = (2.4
◦
±1◦)P−0.5 (see discussion of
LBB below Figure 8 in Paper II). Based on the existence of
the LBL R90 proposed a simple method of estimation of in-
clination angle α = arcsin(2.45◦P−0.5/W50) in pulsars with
core component. In this paper we argue that this method
can be applied to the conal components as well.
Figure 2. Plot of the 1.4 GHz pulse-widthW50 versus the period
P for 1450 normal pulsars from the ATNF database. Superposed
are 32 DP-IP cases (marked in red) and 13 SP-IP cases (marked
in green) taken from Table 1 and Figure 2 in Paper II and rescaled
to 1.4 GHz. Notice the special DP-IP case marked by red star,
which represents the width of a narrow component in the radio
profile of the magnetar XTE J1810-197. Notice that DP-IP (al-
most orthogonal) and SP-IP (almost aligned) cases are clearly
separated (see also) Figure 1.
The case of interpulse in radio magnetar XTE J1810-
197 deserves a special attention. A sporadic pulsed radio
emission of this magnetar is present only during the outburst
phase (Kramer et al. 2007). The presence of a narrow inter-
pulse is consistent with the assumption of an almost orthog-
onal rotator. Consequently, its location in Figure 1 (marked
by the red star) characteristic of DP-IP cases is well under-
stood. Because of the time varying profile shape it is difficult
to measure pulse-widths of different components. Neverthe-
less, it seems that the narrowest feature in the mean profile
has the half-power width W50 = 0.9
◦
± 0.2◦ (Figure 3 in
Kramer et al. (2007) and Figure 1 in Serylak et al. (2009)).
We marked this measurement by the red star in Figure 2.
It is very interesting that even such exotic object as radio
emitting magnetar with interpulse follows the LBL charac-
teristic for core components of DP-IP pulsars.
The clear evidence of the LBL in the 50 per cent pulse-
widthW50 = 2.45
◦ν−0.1
GHz
P−0.5 is very intriguing and requires
a solid explanation. R90 argued that the core component
widths are intimately related to the polar cap geometry at
the stellar surface, which under some assumptions has a sim-
ilar angular opening 2ρ = 2.49◦P−0.5, which can be just a
pure coincidence 2. Although this natural and very appeal-
2 Indeed, one should realise that 2ρ = 2.49◦P−0.5 holds only
for the Goldreich & Julian (1969) polar cap with radius rp =
1.4×104P−0.5 cm, where ρ is the angle between the pulsar dipo-
lar axis and tangent to the last open dipolar magnetic field line at
the polar cap surface. In reality this is rather poor description of
the locus of the last open field lines at the polar cap. Instead of the
c© 2011 RAS, MNRAS 000, 1–12
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Figure 3. Scatter plot of the 50 per cent maximum intensity pulse-width W50 of conal profile components versus the pulsar period P
for 96 cases, in which the appropriate estimates from 1.4 GHz profiles were possible (Table A1). Different colours represent different
blocks of data marked in the figure key and specified in the text. In two DP-IP cases marked by A and B symbols both core and conal
component widths are presented. The dotted lines representing different inclination angles α were computed using the method of R90.
ing explanation is commonly accepted, we have a number
of doubts and reservations about it, which are reviewed and
discussed critically in Section 3.1. One minor problem is the
apparent frequency dependence of W50 of core components,
light cylinder radius RLC = cP/2pi defining the last open dipolar
field lines, one should rather consider the corotation limiting ra-
dius, which can be significantly smaller than RLC . Consequently,
the polar cap radius can be significantly different from the value
of rp. Also, in the realistic force-free magnetospheric models (e.g.
Spitkovsky (2006)) the size of the polar cap differs from rp.
at least in DP-IP cases3. The more serious problem is pre-
sented in Section 4, where we show using a basic physical
3 The fact that the LBLs of W are consistent with ν−0.1
GHz
fre-
quency dependence is interesting and worth of short discussion.
In general W50 ∝ ρ ∝ r0.5 ∝ ν−0.1 (see Equations (2) and (3) in
Kijak & Gil (1998)). Although, we used these equations to rescale
the numerical factor in the LBL as well as the interpulse data
between 1.0 and 1.4 GHz, it seems that the LBL follows the fre-
quency dependence similar to that of the pulse profile widths.
This is disfavouring the R90 interpretation of the core emission
c© 2011 RAS, MNRAS 000, 1–12
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arguments that no coherent radio emission (no matter core
or conal type) can originate at or near the polar cap sur-
face (at altitudes lower than about 10 neutron star radii).
Thus, the core component cannot be emitted at or near the
polar cap, and new explanation and interpretation of the
lower boundary in pulse-width data is required. In this pa-
per we attempt to provide an alternative explanation and
discuss its consistence with both the observational data and
physical models of the inner acceleration gap in pulsars.
2 IMPORTANCE OF THE CONAL PROFILE
COMPONENTS
Figure 2 contains 1450 measurements of W50 of normal pul-
sars imported blindly from the ATNF database, without
any distinction into core or conal components. Apparently,
the bulk of the data points corresponds to the full profile
widths. For the clarity of considerations we superposed on
this figure the appropriate measurements of interpulse cases
(colour filled circles). The almost orthogonal rotators rep-
resented by DP-IP cases marked in red lie near the LBL
W50 = 2.37
◦P−0.5. It is important to know whether the
other data points (black dots) near the LBL also repre-
sent the widths of the core components in nearly orthog-
onal rotators with IP emission missing for some reasons. As
one can judge from Figure 5 in Paper II the vicinity of the
LBL (called the Lower Boundary Belt) includes pulsars with
45◦ < α < 135◦. It is then easy to understand why inter-
pulses are not visible for most of the points near the LBL.
Indeed, as given by the detection condition for DP-IP cases
ρ > 180◦ − β− 2α (for details see Equation (21) in Paper I)
α must be really close to 90◦ (within several degrees) for the
interpulse to be seen.
We know from Paper II that some partial cone profiles
(in which W50 is determined by one dominating conal com-
ponent) lie in the vicinity of the LBL (see Figure 3 there).
Thus, perhaps the conal component widths also scale like
that of the core components, that is W50 ∼ 2.5
◦P−0.5/ sinα
(e.g. R90). To resolve this problem we present in Figure 3
the scatter plot of W50 versus P , using only measurements
of a strong conal components. In the Appendix A we discuss
different blocks of data listed in Table A1 and presented in
Figure 3. The important comment that should be made here
is that these data represent all cases in which we were able
to make a credible W50 measurement/estimate of the conal
component(s) from the profiles available in the literature
(marked in column Ref. of Table A1).
As one can see from Figure 2 the distribution of the
conal width data is pretty much the same as that of the core
width data presented by R90 (see Figures 1 and 3 there) and
confirmed in our Paper II (see Figure 2 there). This is also
a reason why the mixed distribution presented in Figure 2
looks similar too, although it contains measurements of both
core and conal components, as well as full profile widths.
The most characteristic feature of these distributions is a
clear presence of the LBL with the slope proportional to
P−0.5. The proportionality factor about 2.5◦ is apparently
the same for the core and the conal components. The P−0.5
originating at the polar cap surface, independent of the radiation
frequency.
slope can be understood in terms of divergence of dipolar
magnetic field lines in the radio emission region, while the
actual value of the proportionality factor is not quite clear.
It will be argued in this paper that the occurrence of the
LBL in pulse-width distribution represents the narrowest
angular structures that can be distinguished in the average
pulsar beam. These structures represent components in the
mean pulsar profile (no matter core or conal type), whose
associated emission counterparts fill about the same angular
volume of the overall mean pulsar beam, independently of
the pulsar period. The pulsar radio emission is a complicated
multi-step process that begins at the polar cap in the form of
sparks discharging the ultra-high potential drop of the inner
pulsar accelerator. As argued in Section 3.3 each spark is
a very narrow entity with a size of just few meters across
it. The plasma produced by each of these sparks follows the
diverging magnetic field lines. We estimated that angular
extent of each spark-associated plasma flux tube is about
2.5◦P−0.5 when it reaches the radio emission region. We
claim that this explains the existence of the LBL.
3 EXPLANATION OF THE LBL
3.1 Critical review of canonical interpretation of
the LBL
As already mentioned R90 proposed a very simple and
natural interpretation of the LBL appearing in the pul-
sar data as W50 ≈ 2.5
◦P−0.5. Since the nominal value of
the LBL is almost equal to the opening angle of the polar
cap 2ρ = 2.49◦P−0.5 (see footnote 2), Rankin concluded
that the core emission must be emitted from the entire
surface of the polar cap. More generally one should write
2ρ = 2.49◦s50r
0.5
6 P
−0.5, where s50 is the parameter describ-
ing the locus of field lines corresponding to 50 per cent width
of the core component and r6 is the normalised altitude of
the core emission in units of star radius R = 106 cm. Appar-
ently, Rankin assumed that both s50 and r6 are equal to 1,
while the more general conclusion would be s50r
0.5
6 ≈ 1 (e.g.
Gil (1991)). It is assumed that the pulsar radio emission
is relativistically beamed tangentially to the open dipolar
magnetic field lines into a very narrow solid angle.
Let us discuss the first assumption s50 = 1, which means
that 50 per cent maximum intensity of the core component
originates at the last open field lines of the polar cap. Then
the question arises where does the rest of the core com-
ponent originate? One can argue that the emission region
corresponding to the 50 per cent maximum intensity as well
as edge of the profile involve approximately the same dipo-
lar field lines i.e. s50 ≈ s10 ≈ 1. This argument can work
in pulsars with steep core components but not in the case
of long tails in core single profiles, for which there must be
s50 < s10 ∼ 1. Unless this emission is beamed tangentially
to the closed field lines, a possibility which does not seem
likely.
One can always say that the emission region is slightly
above the polar cap, but in some cases the emission altitude
would have to be quite large to fit the long tail of the core
component (below 50 per cent of the maximum intensity).
Thus, it seems that the parameter s50 must be considerably
smaller than 1.
c© 2011 RAS, MNRAS 000, 1–12
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Figure 4. Schematic representation of the cross-section of open
dipolar field lines at altitudes of the radio emitting region. The
parameter s labels different field lines from s = 0 for dipolar axis
to s = 1 for the last open field lines. Three Gaussian profiles rep-
resent three subbeams of instantaneous radio emission associated
with three different plasma flows. For simplicity only one conal
ring around the core pencil beam is marked. Also, the shapes
and mutual separation of subpulses are idealized. The opening
angles of emission ρ, ρ1 and ρ2 between the magnetic axis and
the tangent to dipolar field lines are marked for the level corre-
sponding to W50 for each component. The ring of mean conal
emission is marked schematically in light grey, while the pencil
beam of mean core emission is marked schematically in darker
grey (both cross-sections at 50 per cent level). This conal ring is
formed by subbeams of instantaneous emission and their carousel
motion around the magnetic axis. Two exemplary line of sights
(l-o-s 1 and l-o-s 2) giving approximately the same pulse-widths
of the observed components are marked. The third one (l-o-s) il-
lustrates the case when the pulse-width can be broader. For very
small impact angles one can observe a core component flanked by
two conal components, all three of about the same width.
The other assumption of R90 that r6 ≈ 1 for core com-
ponents is also very difficult to justify. First of all, there is
an observational evidence of the radius-to-frequency map-
ping in core component widths (see Mitra & Li (2004) and
footnote 3), which is difficult to explain with the emission
originating at the polar cap. Moreover, in the Section 4
we present the physical arguments showing that no radio
emission can originate at low altitudes rem < 10R. This is
the most serious problem for the canonical interpretation,
meaning that the core emission cannot originate even close
to the polar cap surface. Moreover, with r6 > 10 we get
2ρ > 2.49◦r0.56 P
−0.5 = 7.87◦P−0.5 for s50 = 1, which is high
above the LBL value W50 = 2.45
◦ P−0.5. This confirms that
indeed s50 must be considerably smaller than 1.
3.2 The new interpretation of the LBL
Given the critical arguments presented in the previous sec-
tion, the existence of the LBL in the pulse-width data re-
quires a new interpretation. The P−0.5 dependence is ob-
Figure 5. Schematic illustration of polar cap and radio emission
regions with different altitudes for core and conal components.
It is assumed that the emission altitudes r(ν1) < r(ν2) for ν2 >
ν1. The magnetic field is purely dipolar in the radio emission
region, while near the polar cap the surface field is dominated by
strong crust anchored magnetic anomaly. The streams of electron-
positron plasma created by polar cap sparks are driven by non-
dipolar magnetic field near the surface, which smoothly adopt
purely dipolar form far from the surface. The geometrical dipolar
polar cap is marked by dashed line, while the actual non-dipolar
polar cap is marked by solid line.
viously associated with divergence of the dipolar magnetic
field lines controlling the emitting plasma flow. We believe
that the most of the data points lying at or close to the
LBL represent the profile components (core or conal) of al-
most orthogonal rotators. The points well above this line
in Figure 2 represent either geometrical broadening (due to
significant non-orthogonality) or larger parts of the entire
pulse profile (in most cases full widths), or both. However,
points above the LBL in Figure 3 (presenting exclusively the
widths of the conal profile components), represent only the
geometrical broadening due to small inclination angles.
To explain the nature of the intrinsic beam structures
that can manifest themselves in the form of LBL one has to
consider a relationship between instantaneous and average
pulsar emission. In morphological terms it translates into
a connection between subpulses in single pulses and profile
components in the average profile. In this paper we adopt
the following picture. The subpulses are produced in the ra-
dio emission region within columns of plasma initiated at the
polar cap surface by sparks discharging the inner accelerat-
ing potential drop. Although the subpulse emission results
from incoherent addition of a large number of elementary
shots of coherent radiation (e.g. Gil & Snakowski (1990);
Gil, Lyubarsky & Melikidze (2004) and references therein),
its width is determined by the angular extent of the bundle
of dipolar field lines controlling the flow of the subpulse-
associated plasma flows. The sparks populate the surface of
the polar cap as densely as possible, with each spark keep-
ing an approximately the same distance from its neighbours.
c© 2011 RAS, MNRAS 000, 1–12
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This is because the sparking discharge of the polar gap oc-
curs in every place where the accelerating potential drop ex-
ceeds the threshold for the cascading electron-positron pair
production. It is well known that the magnetic field in the ra-
dio emission region must be purely dipolar (at altitudes rem
exceeding 10 neutron star radii). However, the surface mag-
netic field at the polar cap should be very strong and curved
to ensure efficient pair production. Therefore, the gap mag-
netic field must be highly non-dipolar and the actual polar
cap surface area should be compressed to a small fraction of
the canonical polar cap (see Section 3.3 for details and Fig-
ure 5 for illustration). The cross-section of sparks populating
the actual polar cap should also be very small but the plasma
columns created by these sparks will progressively expand in
lateral dimensions, while they approach and enter the radio
emission region. Then it is convenient to make all necessary
estimates at the radio emission altitudes. We assume that
the observed width of the profile component is determined
by the angular extent of the bundle of dipolar magnetic fields
encompassing (at any instant) the spark-associated plasma
flow corresponding to radio emission related to that compo-
nent. For simplicity of calculations we adopt that the impact
angle β is small (close to 0◦) and the inclination angle α is
large (close to 90◦). The first assumption ignores the com-
ponent broadening due to the conal structure of the average
beam, while the second assumption ignores the component
broadening due to small inclination angles (approximately
like 1/ sinα). We will discuss the influence of both these
factors later on.
Yet another assumption we make is that the core and
the conal emission is generated within the plasma columns
at approximately the same altitude of about 40 – 50 stellar
radii in a typical pulsar. We believe that this assumption is
supported by the data presented and discussed in this pa-
per, although we cannot judge how closely it is realised in
nature (for example, see the aberration/retardation (A/R)
constraints discussed at the end of Section 3). Anyway, in
our model illustrated in Figures 4 and 5 all beams of ra-
diation (both inner/core and outer/conal) originate in the
region of dipolar magnetic field at altitudes rem = r6R,
where r6 ≫ 10 (see Section 4). Although in our opinion
there is no significant difference between core and conal
emission, in the following we consider these components
separately, just for clarity of presentation (in Section 4 we
discuss a possibility that the core emission originates at
slightly lower altitudes than the conal one). In Figure 4
we present schematically the cross-section of the open dipo-
lar field lines at altitudes of the radio emitting region. The
parameter s labels different field lines from s = 0 for the
dipolar axis to s = 1 for the last open field lines. Three
Gaussian profiles represent three subbeams of radio emis-
sion associated with three different plasma flows. The re-
gions marked in grey correspond schematically to the mean
pulsar emission. The conal emission forms a ring due to
slow motion of the instantaneous beams around the mag-
netic axis (GKS93; Deshpande & Rankin 1999; Gupta et al.
2004). This motion, which is best explained by the spark-
ing gap model (Ruderman & Sutherland (1975); RS75 here-
after; Gil, Melikidze & Geppert (2003)), manifests itself ob-
servationally by the subpulse drifting phenomenon. The core
mean emission is more localised and forms a pencil beam
marked by dark grey.
In the following we assume that the coherent pulsar
emission is relativistically beamed along dipolar magnetic
field lines. The opening angle of emission between the mag-
netic axis and the tangent to a dipolar field line labelled by
the parameter s can be written in the form
ρ = 1.24◦sr0.56 P
−0.5, (1)
(e.g. Gil & Kijak (1993)). This expression is general and
holds for both core and conal emission. For the bundle of
the field lines encompassing the plasma flow we have the
angular extent (intrinsic width)
∆ρ = 1.24◦∆sr0.56 P
−0.5, (2)
where ∆s is the range of labelling parameters s covered by
the base of the bundle at the polar cap. It is important
to keep in mind the observed width ∆W > ∆ρ, where the
equality sign corresponds to the cases of nearly orthogonal
rotators (α ≈ 90◦) and nearly central cuts of the line-of-sight
(β ≈ 0◦).
3.2.1 Core component
For the core component (marked as the inner Gaussian in
Figure 4) the labelling parameter s ≈ 0 near the maximum
and a value of s ≪ 1 correspond to 50 per cent intensity
level. Therefore, according to Equation (1) W50 = 2ρ =
2.48◦sr0.56 P
−0.5
≈ 2.5◦P−0.5. The right-hand side of this
equation describes the LBL visible in Figure 2. We get im-
mediately the condition sr0.56 ≈ 1. Let us assume that the
emission altitude for core components is about the same as
for the conal ones, thus r6 ≈ 20 – 80 for the range of periods
from 0.1 to 2 s (see Figure 2 in Kijak & Gil (1998)). This
implies the range of values of the parameter s between 0.1
and 0.2, meaning that the core emission beam covers about
30 per cent (more exactly between 20 – 40) of the radius of
the bundle of open magnetic field lines.
3.2.2 Conal components
For the conal components we can use Equation (2) and
write W50 ≈ ∆ρ = ρ2 − ρ1 = 1.24
◦(s2 − s1)r
0.5
6 P
−0.5 =
1.24◦∆sr0.56 P
−0.5 = 2.5◦P−0.5, where again the right-hand
side corresponds to the observed LBL. Thus, we get the
condition ∆s = 2r−0.5
6
, which for r6 ≈ 20 – 80 (see
Kijak & Gil (1998) and Section 4) gives ∆s ≈ 0.3 (within
a range approximately 0.2 – 0.4). The cross-section of the
conal beam covers about 30 per cent of the radius of the
bundle of open magnetic field lines.
The observed LBL will correspond to the narrowest fea-
tures that can be distinguished in the average pulsar beam.
They will represent core or conal components in nearly or-
thogonal rotators. It follows from the above considerations
that the LBL will have a form W50 ≈ 2.5
◦P−0.5 provided
that ∆s ∼ 0.3 and r6 ∼ 50. This new interpretation of the
LBL is consistent with the analysis of the shape of pulsar
beams published by Mitra & Deshpande (1999; hereafter
MD99). They explored the picture found by Rankin (1993)
and confirmed by GKS93 and Kramer et al. (1994), accord-
ing to which the mean pulsar emission is organized into
multiple cones with angular radii ρ(W50, α, β) ≈ 4.3
◦P−0.5
c© 2011 RAS, MNRAS 000, 1–12
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and 5.7◦P−0.5 for the inner and the outer cone, respectively.
MD99 revisited this problem and found that the pulsar emis-
sion beams follow a nested cone structure with at least three
distinct cones, although only one or more of them may be
active in a given pulsar (in our Figure 4 only one conal ring
is marked for simplicity). Therefore, the angular distance
between the subsequent cones (1.4◦P−0.5) may be smaller
than the cone width itself (∼ 2.4◦P−0.5). Most importantly,
MD99 found that each emission cone is illuminated in the
form of an annular ring of width about 20 per cent of the
cone radius. Although MD99 did not realized it, this im-
plied an existence of the LBL in the form W50 ∼ 2.4
◦P−0.5.
Indeed, according to Equation (2) if ∆s ∼ 0.2 then W50 ∼
0.25◦r0.56 P
−0.5, which gives W50 ∼ 2.4
◦P−0.5 for r6 ∼ 100.
For simplicity we used a model with one conal ring. If the
actual number of conal rings is larger (2 or 3) then in such
pulsars the actual value ∆s will be closer to the lower limit
of the range 0.2 – 0.4 that we found. This is fully consistent
with conclusion of MD99 who argued that ∆s ∼ 0.2.
Now we discuss our two simplifying assumptions men-
tioned above, namely small impact angle β and large in-
clination angle α. GKS93 were the first to propose that
the conal structure of the average pulsar radio beam re-
sults from the rotation of the outer instant beams around
the magnetic axis. Nowadays this model is commonly ac-
cepted and known as the pulsar carousel model, thanks to
extended works of Joanna Rankin and Avish Deshpande
(e.g. Deshpande & Rankin (1999)). If the impact angle β
is small, then measuring the pulse-width of the conal com-
ponent we estimate approximately the angular extent of the
instant emission beam at the position of this component.
However, for larger impact angles we begin to scan the cone
of the emission, which in general will result in larger width
that can lie above the LBL. This is illustrated by the dashed
l-o-s in Figure 4.
Another factor broadening the apparent pulse-width of
conal beams is small inclination angle α. R90 argued that
this introduces 1/ sinα broadening factor in core component
widths. We believe that the situation is the same in conal
components, provided the impact angle β is small4. There-
fore, we propose that R90 method of estimating the value
of the inclination angle α ≈ arcsin(2.5◦P−0.5/W50) is valid
for both core and most of conal components (for which W50
can be measured). We believe that most of the points in
Figure 3 illustrate usefulness of R90 method for the widths
of conal components. In two cases (6 and 7) the inferred
value of α = 30◦ was confirmed by independent estimates
(Everett & Weisberg 2001). In other cases we just did not
have an access to such estimates.
Analysing the available pulse-width data we claim that
the LBL apparent in figures presenting distribution of W50
4 It is worth emphasizing here that in the original method of
R90 developed for core components the actual value of β can
be neglected, while in the case of conal components β has to be
small. This is related to the fact that the conal beam has Gaussian
intersection only when β is small. In practice this method cannot
be applied for conal single profiles or conal double profiles with a
shallow saddle between the components. However, it should work
fine for conal components in conal triple, quadruple and multiple,
as well as deep saddle conal double profiles (see Rankin (1993)
for profile classification scheme).
versus P results from the fact that the narrowest stable
structures in the pulsar beam extend over about 1/3 of its
angular radius. In Section 3.3 we argue that this a nat-
ural consequence of physical processes at the pulsar po-
lar cap. According to Equation (1), the resulting pulse-
width W50 = 1.24
◦∆sr0.56 P
−0.5/(sinα), which equals to
the observationally derived expression 2.5◦P−0.5/(sinα) if
∆sr0.56 ≈ 2 (taking into account the measurement uncer-
tainties (2.4± 1)◦P−0.5 this condition should have the form
∆sr0.56 ≈ 2±0.8). With ∆s ≈ 1/3 we obtain r6 ≈ 50 in a typ-
ical pulsar. This should be almost independent of the pulsar
period, though both r6 and ∆s can be slightly period de-
pendent. For example, in semi-empirical model Kijak & Gil
(1997, 1998) argued that r6 ∝ P
0.3 thus r0.56 ∝ P
0.15. This
would require that ∆s ∝ P−0.15, implying that longer period
pulsars can have more complex organization of their emis-
sion beams than the shorter period pulsars, despite wider
beams of the latter. Although it seems that in normal (non-
millisecond) pulsars this is really observed, we will not at-
tempt a full discussion of the beam structure and pulse pro-
file morphology. This problem is beyond the scope of our
paper and we postpone it to a future Paper IV.
3.3 Formation of pulsar beam structures
In this section we shortly discuss physical processes tak-
ing place near the polar cap surface and argue that they
naturally lead to such an organization of pulsar beams
that is manifested observationally by the LBL in the form
W ≈ 2.5◦P−0.5. Our theoretical frame is based on the Par-
tially Screened Gap (PSG) model of the inner acceleration
region above the polar cap (Gil, Melikidze & Geppert 2003;
Gil et al. 2008). This is, to the best of our knowledge, the
only model of the inner accelerator that can lead to gener-
ation of the coherent radio emission in pulsars. The PSG
model is a modification of Vacuum Gap (VG) model intro-
duced by RS75. This prototype VG model was very inno-
vative and inspirational but had a number of shortcomings
that precluded it from being a credible model of inner pulsar
accelerator. Firstly, the potential drop exceeding 1012 V in
pure vacuum was too high, which resulted in too fast a sub-
pulse drift as compared with observations and too hot a sur-
face of the polar cap due to back flow heating (see Gil et al.
(2008) for more details). Secondly, although RS75 realised
that radius of the curvature of magnetic field lines has to
be about 106 cm to drive a discharge of VG, they never
used explicitly a non-dipolar surface magnetic field in their
paper. It also appeared that the cohesive energy in typical
magnetic field of about 1012 G was too low to keep charged
particles in the crust and form VG above the polar cap. It
is then obvious that the creation of the inner pulsar accel-
erator necessary for the radio emission mechanism requires
strong and curved magnetic field at the polar cap, deviat-
ing largely from the global dipolar component. Only recently
Medin & Lai (2006, 2007) showed that vacuum gap can form
above neutron star polar cap if the surface magnetic field is
about 1014 G. Earlier Gil, Melikidze & Geppert (2003) pro-
posed the PSG model in which they postulated that surface
magnetic field in all radio pulsars is in a form of strong
(Bs ∼ 10
14 G) and curved (Rc 6 10
6 cm) magnetic anoma-
lies, with approximately the same values of Bs and Rc in all
c© 2011 RAS, MNRAS 000, 1–12
8 Krzysztof Maciesiak, Janusz Gil & Giorgi Melikidze
radio pulsars5. This small scale non-dipolar surface magnetic
field connects smoothly with the large scale dipolar field at
altitudes of a few neutron star radii. This is illustrated in
Figure 4 (for details see Gil, Melikidze & Mitra (2002)). Un-
der such assumed conditions the actual polar cap defined as
the locus of the open magnetic field lines is much smaller
as compared with the canonical dipolar Goldreich & Julian
(1969) picture. Due to conservation of the magnetic flux car-
rying by the open magnetic field lines, the classical radius
of the polar cap rGJ = 1.4 × 10
4P−0.5 cm decreases about
10-fold. Indeed, the ratio of the surface area Apc/AGJ =
Bd/Bs = (10
12P˙ 0.5−15P
0.5)/1014 ≈ 10−2(PP˙−15)
0.5. There-
fore, the radius of actual polar cap in typical pulsar is only
about 15 meters, as compared to 150 meters in the canonical
Goldreich-Julian dipolar case. Of course, the cross-section
of spark avalanches driven by curved surface magnetic field
lines must be small as well, so large number of them could
operate at the same time on this tiny polar cap. Each small
spark feeds a column of plasma above it, which expands in
lateral dimension as the magnetic field becomes more and
more dipolar towards the radio emission region. Each col-
umn correspond to the observed subpulse when intersected
by the observer’s line of sight. Slow drift of spark discharges
in the gap region makes on the average formation of the
multiconal structure of the mean pulsar beam. These conal
rings have been postulated by Rankin (1990, 1993) and then
analysed by MD99, who found their angular widths being
about 20 per cent of the angular radius of the pulsar beam.
All the above aspects are schematically illustrated in Fig-
ure 5. Note that the high accelerating potential drop exist
only along open magnetic field lines originating at the actual
polar cap (marked by solid line circle). In reality this cap
is much smaller than the geometrical Goldreich & Julian
(1969) polar cap (marked by dashed line circle), but the
actual scale could not be kept in this figure.
Let us consider how many discharging sparks can op-
erate on such small polar cap within the PSG model. For
typical values Bs ∼ 10
14 G and Ts ∼ 10
6 K (see Table 1 in
Gil et al. (2008)), the height h of the PSG is about 30 meters
(Szary, Melikidze & Gil 2011). It is reasonable to adopt that
the radius of curvature of the surface magnetic field Rc is
about 106 cm. We can now estimate the lateral spread of the
sparking avalanche developing via magnetic pair production
by curvature γ photons emitted by electrons and positrons
travelling relativistically along curved magnetic field lines.
During the first generation the avalanche will grow in the di-
rection perpendicular to field lines by about h2/Rc, which is
about 9 cm for the adopted values of h andRc. It takes about
40 generations to reach the corotational limited value of the
Goldreich-Julian (1969) charge density6. After this time the
charge density is fully replenished, the gap potential drop
disappears and the avalanche stops growing. Therefore, the
5 A possible mechanism of generation of such a strong, non-
dipolar surface magnetic field structures is the Hall instability
occurring in the neutron star crust (Geppert, Rheinhardt & Gil
2003; Pons & Geppert 2010)
6 This estimate of a number of generations necessary to regain
the corotational charge density within the gap was first made by
RS75 and it is still valid even for PSG accelerator. It is worth
noting that RS75 also assumed curved non-dipolar magnetic field
in the gap with the radius of curvature of about 106 cm.
cross-section of fully developed spark is about 3.6 meters on
the polar cap with a radius of about 15 meters. Thus, in a
typical pulsar about 20 sparks can operate on the surface
of the actual polar cap. This leads to ∆s about 0.25, mean-
ing that size of each spark covers about 1/4 of the polar
cap radius (which is consistent with independent estimate
of Cheng & Ruderman (1977), who found the spark frac-
tional area between 0.01 and 0.1 of the polar cap surface
([(1/3)/2]2 ∼ 0.03)). This theoretically estimated spark di-
mension is consistent with the angular dimensions of the core
and conal components in the overall pulsar beam. Indeed,
for the normalised altitudes r6 of the core and the conal
emission being about 60 (rem ∼ 600 km) and ∆s ≈ 0.25,
Equation (2) gives W50 ≈ ∆ρ ≈ 2.4
◦P−0.5, consistent with
the observed LBL, which reflects the angular size of the nar-
rowest stable structures in the pulsar beam.
In summary, the ultra strong accelerating potential drop
in PSG is discharged by the number of localised sparks
(avalanches), each covering a surface area of the polar cap
with a characteristic dimension of about ∆s = 0.25 of
the polar cap radius. These sparks deliver streams of the
electron-positron plasma to the radio emission region. As
argued in Sections 3.2.1 and 3.2.2 the emission beams as-
sociated with these streams cover just about 25 per cent
of the radius of overall emission beam. This is consistent
with the already mentioned analysis of MD99, who demon-
strated that each conal ring illuminates about 20 per cent
of the pulsar beam radius. Therefore, the theoretical esti-
mate of angular size of the spark-associated plasma flows
and the observationally deduced angular extent of station-
ary structures in the mean pulsar beam are consistent with
each other. These structures will manifest itself as the LBL
in the scatter plot of the component width versus the pulsar
period, provided that the core and the conal components
are emitted at about the same altitudes of the order of 500
km. One should however keep in mind that according to
the observed aberration/retardation (A/R) effects the core
component is likely to originate about 100 km below the
conal components (Blaskiewicz, Cordes & Wasserman 1991;
Mitra & Li 2004; Krzeszowski et al. 2009). Indeed, a typical
A/R shift between core and conal components is of the or-
der of 10 millisecond, with the core components being late
with the respect to the profile midpoint. A possible reason
of these effects is shortly discussed at the end of the next
section.
4 CONSTRAINTS FOR THE ALTITUDE OF
COHERENT RADIO EMISSION
Let us begin with specifying our general as-
sumptions, both geometrical and physical (see
Section 3 for details). The mechanism which is
responsible for the observed pulsar radio emission
must be the coherent process associated with some
relativistic plasma turbulence. In other words it
must be some kind of collective process involving
a great number of charged particles radiating
in phase. The known examples of such pro-
cesses in pulsar astrophysics are: cyclotron maser
(Kazbegi, Machabeli & Melikidze 1991), two-
stream instabilities (Usov 1987; Asseo & Melikidze
c© 2011 RAS, MNRAS 000, 1–12
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1998), collapsing solitons (Weatherall 1998), charged
relativistic solitons (Melikidze, Gil & Pataraya
2000; Gil, Lyubarsky & Melikidze 2004) and linear
acceleration maser (Melrose 1978).
It is obvious that such a process should take place in
the magnetospheric pair plasma that moves relativistically
along the pulsar dipolar magnetic field lines. A number of
necessary conditions must be fulfilled in order to generate
an observed pulsar radio emission, irrespective of the actual
coherence mechanism. It should be expected that favourable
conditions will occur above some minimum altitude, which
we intend to determine below. We will concentrate at high
frequency radiation ν ∼ 1 GHz, because lower frequencies
are most likely emitted at higher altitudes.
Let us assume that the radiowaves with the characteris-
tic wavelength λem are generated at some altitude rem in a
region with characteristic longitudinal (along magnetic field
lines)7 scale lem (not to be confused with the longitudinal
size ∆ of the elementary emitter), where both λem and lem
are measured in the laboratory (observer’s) frame of refer-
ence. The plasma in which the radio emission is generated
is moving with the characteristic Lorentz factor of about
γp = (2− 5) × 10
2 with respect to the laboratory frame.
Despite details of radiation mechanism the characteris-
tic size of the emission region lem must be much larger than
the wavelength of the emitted radiation (which in term must
be larger than the longitudinal size of elementary emitters),
i.e. ∆ < λem ≪ lem. Otherwise, one could not consider any
collective plasma processes leading to generation of the co-
herent radiation. In other words this condition reflects appli-
cability of the geometrical optics approximation (eikonal ap-
proximation; e.g. Rybicki & Lightman (1979), p.73), which
should be valid for any radiation mechanism, including the
one leading to the observed pulsar radio emission8 . Of course
this condition must also be satisfied in the co-moving frame
of reference
λ′em ≪ l
′
em. (3)
According to the Lorentz transformation λ′em = λemγp (rel-
ativistic Doppler effect), while due to Lorentz contraction
l′em = lem/γp. Thus, Equation (3) can be rewritten in the
observer’s frame in the form
λem ≪
1
γ2p
lem, (4)
which will be useful in deriving the lower limits for the alti-
tude of the pulsar radio emission. For gigahertz frequencies
(λem ∼ 10cm) and assuming reasonable γ
2
p ∼ 10
5 one ob-
tains
7 The perpendicular dimension of the radiation region is
not important for our considerations, although it could
be similar to the longitudinal one or even larger. The
pulsar radiation is emitted tangentially to the diverging
magnetic field lines and only the adjacent sources can
contribute to the incoherent addition of shots of the co-
herent emission.
8 Of course, one can think of some man-made antenna
mechanism with the size of antenna smaller than the
emitted wavelength (typically half of it) but they do not
occur in nature.
lem ≫ γ
2
pλem ∼ 10
7 cm. (5)
Since the altitude of the emission region rem > lem, this
means that the observed pulsar radio emission cannot orig-
inate below 107 cm, irrespective of the actual mechanism of
generation of the coherent pulsar radiation. This excludes
any radio emission originating at or near the polar cap, as
proposed by R90 for the core beam. The core emission re-
gion must be located at altitudes largely exceeding 107 cm,
perhaps close to the conal emission region at altitudes
rconalem ∼ 50Rν
−0.25
GHz P
0.33, (6)
which is about 50 stellar radii R = 106 cm for a typical
pulsar (Kijak & Gil 1997, 1998).
The above conclusion is general, and it is valid for any
possible mechanism of generation of the coherent pulsar ra-
dio emission. Let us now assume that this emission is gen-
erated by the coherent curvature radiation, which seems to
be most relevant mechanism (Gil, Lyubarsky & Melikidze
2004; Mitra, Gil & Melikidze 2009).
Thus λem is a function of the radius of curvature of
dipolar magnetic field lines in the emission region, which
can be expressed in the form
Rc =
R
3
sin θ
sin2 θ∗
(
1 + 3 cos2 θ
)1.5
1 + cos2 θ
, (7)
θ∗ and θ are the polar coordinates of the same field line at
the stellar surface and at the radio emission altitude rem,
respectively. For the open field lines θ < θm, where θm =
1. 45× 10−2P−0.5 is the opening angle of the last open field
line (thus it defines the opening angle of the dipolar polar
cap) and P is the pulsar period in seconds.
Using the equation for the dipole field lines sin θ =
(rem/R)
0.5 sin θ∗ one can rewrite Equation (7) in the form
Rc = 9. 21× 10
7 r
0.5
6
s
P 0.5, (8)
where r6 = rem/R and s = θ∗/θm (labelling parameter in
Equation (1), see also Figure 4). The curvature radiation
reaches the maximum at frequency νc = 0.44(c/2pi)γ
3
p/Rc
(Rybicki & Lightman (1979), p. 179), thus
νc = 2.1× 10
9γ3p/Rc. (9)
Now for λem = c/νc we can rewrite the general Equation
(4) in the form
lem ≫
14.3
γp
Rc,
or using Equation (8)
lem ≫ 1. 317 × 10
9 r
0.5
6
sγp
P 0.5.
Since lem . rem = r6R cm then we obtain condition for
the radio emission altitude expressed in units of the stellar
radius R = 106 cm in the form
r6 ≫ 1. 7× 10
6 P
s2γ2p
. (10)
Since s < 1 and γ2p ∼ 10
5 we have r6 ≫ 17P , which means
c© 2011 RAS, MNRAS 000, 1–12
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that the coherent curvature radiation can be generated at
the altitudes well exceeding 107 cm, no matter whether core
or conal emission is considered.
We can discuss the sensitivity of above estimated con-
straint on the adopted assumptions: (i) dipolar magnetic
field, (ii) s < 1 and (iii) γp = (2 − 5) × 10
2. The first as-
sumption is well justified for normal pulsars. The second
assumption means restriction to the open dipolar magnetic
field lines. We can only ask how large the Lorentz factor γp
must be to bring the emission region to the vicinity of the
polar cap r6 ∼ 2. It is easy to see that γp would have to be
larger than 1000, which does not seem possible.
It is more convenient to define γp as a function of
a frequency νGHz = νc/10
9. Using the expression γp =
352.65
(
νGHzP
0.5r0.56 /s
) 1
3 we can rewrite Equation (10) in
the form
r6 ≫ 7.1s
−1P 0.5ν−0.5GHz , (11)
which describes the magnetospheric region physically for-
bidden for generation the coherent curvature radio emis-
sion. Even if s ∼ 1 for the edge of the core emission (as
assumed by R90 this radiation cannot originate below about
107 cm). Thus, we conclude again that the observed pulsar
radiation (no matter core or conal) can be generated at al-
titudes well exceeding 107 cm. This conclusion is now based
on the assumption that the pulsar radio emission mechanism
is the coherent curvature radiation. Although, this matter is
still debated, our conclusion is consistent with Equation (5),
which is independent of the actual mechanism of coherence
of pulsar radio emission.
Let us note that the above conditions (10) and (11) are
well consistent with the radio emission altitudes for conal
components (s ∼ 1) expressed by Equation (6), which is
about 500 km for a typical pulsar. For the curvature radia-
tion emitted at the altitude r6 (frequency ν(r6)) by charged
sources moving relativistically with the Lorentz factor γp
along dipolar field lines with radius of curvature Rc, the pa-
rameter s has a very important meaning. Indeed, between
the outer (conal s ∼ 1) and the inner (core s ∼ 0.1) mag-
netic field lines the radius of curvature (Equation (8)) in-
creases by a factor of several. Thus, the emission altitude
r6 should decrease by a factor of about 3 or more to com-
pensate the change caused by varying s. Therefore, the core
(central) emission should originate at slightly lower altitudes
than the conal (outer) emission, however not closer to the
polar cap than the conditions (10) or (11) do allow. It is
then natural that the core emission originates about 100
km lower than the conal emission. This seems to be con-
firmed by the observed A/R effects (e.g. Mitra & Li (2004);
Mitra, Rankin & Gupta (2007); Krzeszowski et al. (2009)).
A schematic illustration is presented in Figure 5, where the
core emission region is located at slightly lower altitudes
than that of the conal emission. It is assumed that ν1 > ν2
and radius-to-frequency mapping holds for conal compo-
nents in agreement with Equation (6).
5 CONCLUSIONS
Our main conclusions are the following:
1. Lower Boundary Line W50 ≈ 2.5
◦P−0.5 or rather
Lower Boundary BeltW50 = (2.4
◦
±1◦)P−0.5 exist in scatter
plot of 50 per cent pulse-width versus pulsar period for both
core and conal profile components. They reflect the narrow-
est stable structures distinguishable within the average pul-
sar beam, whose angular extent is determined by physics of
the acceleration region above the polar cap. These structures
manifest themselves by the core and the conal components
in mean pulsar profiles.
2. The simple method of estimating the inclination angle
α = arcsin(2.5◦P−0.5/W50) from the half-power pulse-width
W50 can be applied to both core and conal profile compo-
nents.
3. Both the core and the conal pulsar emission originate
far from the stellar surface, presumably at altitudes of about
500 km in typical pulsars. However, it is possible that the
core emission is generated about 100 km closer to the polar
cap than the conal emission, which is manifested by the
observed by the A/R effects.
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APPENDIX A: CONAL COMPONENT WIDTHS
All pulse widths measurements used in Figure 3 are pre-
sented in Table A1 and described for different blocks of data
marked in the figure’s key.
A1 Parkes Multibeam Pulsar Surveys
We reviewed papers presenting the results of Parkes Multi-
beam Pulsar Surveys (hereafter PMPS I – VI. We identified
70 PMPS profiles of normal pulsars (excluding millisecond
ones), in which we were able to measure/estimate the half-
power pulse-width W50 of at least one conal component.
These measurements are listed in Table A1 and presented
in Figure 3 in the form of the scatter plot. Different colours
correspond to different PMPS surveys, as marked in the key.
A2 Partial Cone Profiles
Lyne & Manchester (1988) first identified a group of 50 pul-
sars, in which a part of their conal profiles were apparently
missing. Recently Mitra & Rankin (2011) reinvestigated this
population of pulsars using new sensitive polarimetric obser-
vations (Arecibo and GMRT) and argued that the missing
conal components were just weak and appeared in occasional
bursts. These pulsars are especially useful for our purposes.
Indeed, in most of them at least one conal component is
sufficiently prominent to make an estimate of its half-power
width possible. In some cases the single conal component
dominates the full profile width measurement (see Figure
3 in Paper II). In 39 profiles published by Mitra & Rankin
(2011) we found 16 cases in which we succeeded to obtain a
credible estimate of half-power width of strong conal com-
ponent. These measurements are listed in Table A1 and pre-
sented in Figure 3 as dark blue dots. Most points lie near the
LBL suggesting the inclination angle α > 45◦ (see the dotted
line representing the method of R90 and Figure 5 in Paper II
with exact calculations). This seems to be consistent with
the estimates of α given in Table A3 of Mitra & Rankin
(2011). There are two pulsars in this table (B1322+83 and
B2224+65) with small values of α = 14◦ and 27◦, respec-
tively. These two pulsars lie in our Figure 3 at the largest
distance from the LBL (but below the dotted line corre-
sponding to α = 15◦). When we applied the R90 method
α = arcsin(W50/(2.37
◦P−0.5)) we obtained 11◦ and 17◦, re-
spectively9. This suggests that the R90 method can be used
for the conal profile components with the same accuracy as
for the core ones. Below we show more of the special cases
supporting this suggestion.
A3 Special Cases
We identified 10 special cases marked in magenta and la-
belled by capital letters or numbers. They have a special
meaning for our reasoning, which we describe in some detail
below in subsections 2.3.1 – 2.3.8. In general, we estimated
50% pulse-widths of different components in complex pro-
file pulsars. Whenever possible we intended to check whether
9 As shown in Paper II (see Figure 6 there), the accuracy of R90
method decreases for smaller values of the inclination angles.
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there are some significant differences in the pulse-width be-
tween the core and the conal components. We introduced
the following scheme to denote different components: △ -
leading outer conal, ◦ - leading inner conal, + - core, ✷ -
trailing inner conal and ✸ - trailing outer conal.
A3.1 Conal component in DP-IP cases
For all 31 DP-IP cases presented in Figure 2 as the red dots
their pulse-width measurements corresponded to the core
components. In most of these cases the conal components
were either non-existent or impossible to distinguish. How-
ever, in the profiles of two interpulsars: B1055-52 and B1822-
09 (marked in Figure 3 by letters A and B, respectively) we
were able to distinguish the conal component (see Figures
A3 and A6 in Mitra & Rankin (2011)) and estimate its half-
power pulse-width. These measurements are presented as
magenta stars associated with red-coloured DP-IP symbols.
It is important to note that the conal width estimates fall
within the error bars of the core width measurements in each
of the two presented cases. This suggests that in complex
profile pulsars core and conal components have pulse-widths
very close to each other (below we present more evidence to
this otherwise intuitive suggestion). Thus, it is quite possible
that the conal components have the same lower boundary as
the one found for the core components by R90 and confirmed
in our Paper II.
A3.2 B1913+16
The conal components of pulsar B1913+16 are represented
in Figure 3 by two magenta symbols marked by the number
1. They both lie at or very close to the LBL. This short pe-
riod P = 0.056 s pulsar is an important supporting case in
arguing that conal components have the same lower bound-
ary as the core ones.
A3.3 B0736-40
This is an interesting case of a new transient but sta-
ble conal component discovered recently in this pulsar by
Karastergiou et al. (2011). This component is represented
in Figure 3 by the magenta symbol marked by the number
2. Its location right on the LBL suggests a large inclination
angle α ∼ 90◦.
A3.4 B1737+13
This is a pulsar with a complex five component profile, with
three of them being suitable for making measurement of
W50. Three components of pulsar B1737+13 are represented
in Figure 3 by the magenta symbols marked by the num-
ber 3. As one can see there is no significant difference in
the widths of the core (middle) and any of the conal com-
ponents. All W50 measurements lie near the LBL, so this
pulsar has large inclination angle α > 75◦ (see Figure 5
in Paper II). It is worth emphasizing that the quality of
this data is very good, as the component widths have been
measured by Krzeszowski et al. (2009), using the Gaussian
fitting method developed by Kramer et al. (1994).
A3.5 B1237+25
This is another five component profile pulsar, represented in
Figure 3 by the magenta symbols marked by the number 4.
Except of the trailing conal component (which is broadened
by an unknown factor) all other components (including the
core one) have similar widths close to the LBL value. Also
in this pulsar the component widths have been measured by
Krzeszowski et al. (2009; see their Figure 4) using the Gaus-
sian fitting method. It is well known that pulsar is almost
orthogonal rotator with α > 75◦.
A3.6 B2045-16
The strong conal component of this complex profile pulsar
is represented in Figure 3 by the magenta symbol marked
by 5. We measured the pulse-width of one dominating conal
component and W50 lies right on the LBL. This pulsar must
be therefore an almost aligned rotator, with the inclination
angle α smaller than 75◦.
A3.7 B0301+19 and B0525+21
These pulsars have two conal components joined by the sad-
dle. Good quality polarimetric observations were published
by Everett & Weisberg (2001) and we estimated half-power
widths of the conal components from their profiles. Both the
measurement values (two magenta symbols marked by the
numbers 6 and 7 in Figure 3) lie significantly off (but above)
the LBL. This suggest that the profile is broadened geomet-
rically by the inclination angle α close to 30◦ (see caption
of Figure 3). Interestingly, this value is close to the indepen-
dent polarimetric estimates of α in these pulsars (see Table
3 in Everett & Weisberg (2001))
A3.8 J0631+1036
This is an interesting pulsar with four symmetrical conal
components (see Figure 2 in Weltevrede et al. (2010)). Two
inner components are narrower than the lower boundary
value, while the leading outer component lies exactly at the
LBL (see the magenta symbol marked by number 8). This
is consistent with the inclination angle α being close to 90◦
(Figure 3 in Weltevrede et al. (2010)). However, the narrow
inner components lying below the LBL are intriguing. It is
worth mentioning that in Paper II we have found few such
cases belonging to the category of young energetic pulsars
(see Figure 3 in Paper II). Interestingly, this pulsar also be-
longs to this category, and that is why we omitted the narrow
inner components of J0631+1036 in Figure 3, while show-
ing them in Table A1. Yet another case of this category is
J1718-3825, which shows a distinct conal component (Fig-
ure 17 in Weltevrede et al. (2010)) with W50 = 6.5
◦. This is
less than the LBL value 8.95◦ for its period P = 0.075, and
we do not show it in Figure 3 as well.
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Table A1. 50 per cent maximum intensity pulse-widths W50 of conal components.
Name J Name B Period [s] W50[deg] Ref. Name J Name B Period [s] W50[deg] Ref.
Parkes Multibeam Pulsar Survey I Parkes Multibeam Pulsar Survey VI
1232-6501 0.088 17. PMPS I 0733-2345 1.796 4.0 PMPS VI
1245-6238 2.283 2.3 PMPS I 0932-5327 4.392 1.0 PMPS VI
1307-6318 4.962 5. PMPS I 1001-5939 7.734 1.0 PMPS VI
1345-6115 1.253 2.9 PMPS I 1148-5725 3.560 1.0 PMPS VI
1649-4349 0.871 10. PMPS I 1439-5501 0.029 10.0 PMPS VI
1723-3659 0.203 11. PMPS I 1622-4347 0.458 4.0 PMPS VI
1758-2646 0.767 2.7 PMPS VI
Parkes Multibeam Pulsar Survey II 1624-4613 0.871 5.0 PMPS VI
1755-2521 1.176 2.5 PMPS II 1638-3815 0.698 6.0 PMPS VI
1806-1920 0.880 40. PMPS II 1717-3953 1.086 19. PMPS VI
1809-1917 0.063 20. PMPS II 1728-4028 0.866 6. PMPS VI
1850+0026 1.082 2.6 PMPS II 1750-2043 5.639 6. PMPS VI
1827-0750 0.270 10. PMPS VI
Parkes Multibeam Pulsar Survey III 1836-1324 0.179 7.0 PMPS VI
1015-5719 0.140 27.0 PMPS III 1841-1404 1.334 5.0 PMPS VI
1159-6409 0.667 28.0 PMPS III 1845-1351 2.619 3.0 PMPS VI
1418-5945 1.673 2.5 PMPS III
1512-5431 2.047 6. PMPS III Partial Cones
1522-5525 1.390 2.2 PMPS III 0141+6009 0138+59 1.223 2.6 MR11
1531-5610 0.084 9.0 PMPS III 0358+5413 0355+54 0.156 8.2 MR11
1532-5308 0.444 5.5 PMPS III 0922+0638 0919+06 0.431 4.6 MR11
1542-5303 1.208 2.5 PMPS III 1321+8323 1322+83 0.670 11.1 MR11
1548-4821 0.146 7. PMPS III 1532+2745 1530+27 1.125 2.8 MR11
1654-4140 1.274 4. PMPS III 1759-2205 1756-22 0.461 3.06 MR11
1705-3950 0.319 5. PMPS III 1912+2104 1910+20 2.233 1.60 MR11
1707-4729 0.266 5. PMPS III 1915+1009 1913+10 0.405 5.0 MR11
1717-4043 0.398 6. PMPS III 1917+1353 1915+13 0.195 7.40 MR11
1725-4043 1.452 2.5 PMPS III 1926+1648 1924+16 0.580 5.0 MR11
1932+2220 1930+22 0.144 4.9 MR11
Parkes Multibeam Pulsar Survey IV 1941-2602 1937-26 0.403 3.66 MR11
0729-1836 0727-18 0.510 3.5 PMPS IV 2022+5154 2021+51 0.529 5.1 MR11
0955-5304 0953-52 0.862 2.8 PMPS IV 2055+3630 2053+36 0.222 5.4 MR11
1133-6250 1131-62 1.023 12.4 PMPS IV 2225+6535 2224+65 0.683 11.6 MR11
1327-6301 1323-627 0.196 12. PMPS IV 2330-2005 2327-20 1.644 1.5 MR11
1534-5334 1530-53 1.369 4. PMPS IV
1602-5100 1558-50 0.864 3. PMPS IV Special Cases
1604-4909 1600-49 0.327 4.8 PMPS IV 1057-5226 1055-52 0.197 4.5 MR11 (A)
1653-3838 1650-38 0.305 4.5 PMPS IV 1825-0935 1822-09 0.769 3.0 MR11 (B)
1703-4851 1.396 2.2 PMPS IV 1915+1606 1913+16 0.056 △ 8. LM88 (1)
1727-2739 1.293 4.3 PMPS IV ✸ 10.
1733-3716 1730-37 0.338 6. PMPS IV 0738-4042 0736-40 0.375 △ 3.9. LM88 (2)
1738-3316 0.730 4.5 PMPS IV 1740+1311 1737+13 0.803 △ 3.0 K09 (3)
1745-3040 1742-30 0.368 4. PMPS IV ◦ 2.8
1748-2444 0.443 3.7 PMPS IV ✸ 3.1
1749-2347 0.875 3. PMPS IV 1239+2453 1237+25 1.382 △ 1.6 K09 (4)
1750-3157 1747-31 0.910 3. PMPS IV ◦ 2.0
1801-2920 1758-29 1.082 2.2 PMPS IV + 2.0
1834-0426 1831-04 0.290 12. PMPS IV ✷ 2.0
1834-1202 0.610 15. PMPS IV ✸ 2.8
1853-0004(A) 0.101 7.2 PMPS IV 2048-1616 2045-16 1.962 ◦ 1.8 LM88 (5)
1855+0307 0.845 4. PMPS IV ✷ 1.7
1901-0312 0.356 6. PMPS IV 0528+2200 0525+21 3.746 ◦ 3. EW01 (6)
1901+0331 1859+03 0.655 3.6 PMPS IV ✷ 2.7
1904+1011 1901+10 1.857 3. PMPS IV 0304+1932 0301+19 1.388 ◦ 4.0 EW01 (7)
1908+0734 0.212 5.4 PMPS IV ✷ 4.0
1910+0358 1907+03 2.330 6. PMPS IV 0631+1036 0.288 ◦ 2.4 W10 (8)
1910+0728 0.325 4. PMPS IV ✷ 2.4
1926+1434 1924+14 1.325 3. PMPS IV ✸ 4.3
1933+1304 1930+13 0.928 2.6 PMPS IV
Parkes Multibeam Pulsar Survey V
1744-3922 0.172 6. PMPS V
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